Cu-containing nanoparticles are used in various applications in order to e.g. achieve antimicrobial activities and to increase the conductivity of fluids and polymers. Several studies have reported on toxic effects of such particles but the mechanisms are not completely clear. The aim of this study was to investigate the interactions between cell membranes and well-characterized nanoparticles of CuO, Cu metal, a binary CuZn alloy and micron-sized Cu metal particles. This was conducted via in vitro investigations of the effects of the nanoparticles on (i) cell membrane damage on lung epithelial cells (A549), (ii) membrane rupture of red blood cells (hemolysis), complemented by (iii) nanoparticle interaction studies with a model lipid membrane using quartz crystal microbalance with dissipation monitoring (QCM-D). The results revealed that nanoparticles of the Cu metal and the Cu-Zn alloy were both highly membrane damaging and caused a rapid (within 1 h) increase in membrane damage at a particle mass dose of 20 g/mL, whereas the CuO nanoparticles and the micron-sized Cu metal particles showed no such effect. At similar nanoparticle surface area doses, the nano and micron-sized Cu particles showed more similar effects. The commonly used LDH (lactate dehydrogenase) assay for analysis of membrane damage was found impossible to use due to nanoparticle-assay interactions. None of the particles induced any hemolytic effects on red blood cells when investigated up to high particle concentrations (1 mg/mL). However, both Cu and Cu-Zn nanoparticles caused hemoglobin aggregation/precipitation, a process that would conceal a possible hemolytic effect. Studies on interactions between the nanoparticles and a model membrane using QCM-D indicated a small difference between the investigated particles. Results of this study suggest that the observed membrane damage is caused by the metal release process at the cell membrane surface and highlight differences in reactivity between metallic nanoparticles of Cu and Cu-Zn and nanoparticles of CuO.
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Introduction
Copper (Cu) is an essential trace element in living organisms that plays a vital role in the function of proteins. However, since copper is redox-active, its transport into cells is tightly controlled. The rapidly emerging use of nanoparticles on the global market has resulted in an increased number of applications for Cu and CuO nanoparticles in various products. The reason is primarily related to their antimicrobial activities (Ren et al., 2009) , for example taken into account in textiles (Torres et al., 2010) and in dental applications to prevent infections (Allaker, 2010) . In both examples, their use poses an immediate risk for human exposure. Cu nanoparticles are furthermore used to make e.g. fluids and polymers conductive (Saterlie et al., 2011; Pham et al., 2012) and have been suggested to replace silver and gold in ink-jet printable electronics (Luechinger et al., 2008) . Chemical, physical and functional properties of nanometer sized particles often differ compared with particles of larger size or dissolved species of the same element (Roduner, 2006) . These unusual properties can also render the particles toxic to cells and organisms. Results from in vitro studies comparing the toxicity of various metal-containing nanoparticles have shown copper-containing nanoparticles to be more toxic when compared with other nanoparticles (Karlsson et al., 2008; Lanone et al., 2009; Sun et al., 2012) . For example Lanone et al. (2009) compared the toxicity of 24 manufactured nanoparticles in the human lung cell line A549 as well as in a macrophage cell line (THP-1). Nanoparticles of copper (Cu, CuO) and ZnO were found most toxic with IC50 values of 5-10 g/mL for THP-1 cells and somewhat higher (typically 10-50 g/mL) for A549 cells. Nanoparticles of CuO have furthermore shown higher toxicity compared with micron-sized particles of CuO in human lung cells Wang et al., 2012) , in microorganisms (Gunawan et al., 2011) and in yeast cells (Kasemets et al., 2009) . Size dependent effects have also been observed in animal studies, i.e. Cu nanoparticles were reported more toxic compared with micron-sized Cu particles following oral administration to rats (Chen et al., 2006) . Nanoparticles tend to release a higher amount of metal ions and dissolve faster in a given solution volume compared with largersized particles. An important question is thus whether the observed toxicity solely can be explained by released metal ions/ionic species, or whether some effects actually are particle-related, i.e. depend on cellular mechanisms at the nano-scale. Previous studies have shown that the presence of the solid particles is important for the toxic response observed. Less toxicity was for example observed when cultured cells were exposed to the same mass dose of Cu from a soluble Cu-compound, or to the released fraction of ionic Cu (i.e. the ionic species released to the cell media) when compared with the same mass dose of Cu from nanoparticles of Cu or CuO (Karlsson et al., 2008; Midander et al., 2009) . Similar findings were recently also observed in a study using the same lung cell line (A549) in which it was concluded that dissolved Cu ions contributed to less than 50% of the overall cytotoxicity induced by CuO nanoparticles . A likely reason is that the presence of the solid particles increases the cellular uptake via endocytotic mechanisms and that Cu ionic species subsequently are released within the cells, a process often referred to as "the Trojan horse mechanism" (Studer et al., 2010; Wang et al., 2012; Cronholm et al., 2013) . Copper ions are redox active, which means that the high intracellular concentration gained after dissolution of CuO nanoparticles within the cell likely results in massive oxidative stress. Various signs of oxidative stress and genotoxicity have been observed upon cellular exposure to CuO nanoparticles. These signs include the induction of catalase and superoxide dismutase, the formation of intracellular ROS and oxidative DNA lesions as well as up-regulation of genes responding to oxidative stress and genotoxicity (Karlsson et al., 2008; Ahamed et al., 2010; Hanagata et al., 2011) .
Previous studies by the authors indicate that nanoparticles of CuO and Cu may exert toxicity via different mechanisms following cell exposure. Whereas nanoparticles of CuO become endocytosed by the cells within the first hours of contact with subsequent DNA damage, Cu nanoparticles appear to target the cell membrane with a rapid loss of membrane integrity and cell death (Karlsson et al., 2008; Midander et al., 2009 ). The present study further investigates these different mechanisms with a focus on the interaction between the cell membrane and different Cu-based particles including nano-and micron sized copper metal particles (Cu nano and Cu micro), a nano-sized binary copper-zinc alloy (CuZn nano) and copper oxide nanoparticles (CuO nano). The reason for including the Cu-Zn alloy with 40% Zn is its susceptibility for dezincification, a process where zinc preferentially is dissolved via corrosion processes in aqueous systems leaving a porous copperrich structure behind (Marshakov, 2002; Selvaraj et al., 2003) . A comparison of the toxic response of the different Cu-based particles enables a possibility to gain insight in the mechanisms for toxicity and furthermore in the possibilities for grouping metals and alloys to enable read-across for risk-and hazard assessment and management. The benefit of such an approach is a reduced need for animal testing of a vast amount of metal-based nanoparticles present and to be developed for different applications on the market. Another essential question to address is whether it is possible to predict nanoparticle toxicity based on toxicity data generated for larger micron-sized particles as possibly some effects are nano-specific.
Here, Cu nanoparticle induced cell membrane damage was investigated in vitro following exposure of lung epithelial cells (A549) and membrane rupture of red blood cells (hemolysis). The hemolytic assay has previously been used in various studies investigating membrane damage caused by e.g. SiO 2 nanoparticles (Lin and Haynes, 2010; Shi et al., 2012) , and is a fast method to analyze particle reactivity with results suggested to correlate fairly well to the inflammatory potential of the particles (Lu et al., 2009) . As a final characterization, differences in the particles' properties were investigated in interaction studies using model lipid membranes. Different surface-sensitive techniques can be used in such studies. Here, changes in mass and viscoelastic properties, e.g. softness or rigidity of the lipid membrane were investigated by means of quartz crystal microbalance with dissipation monitoring (QCM-D). One important issue for the different methods employed in this study was to identify and elucidate possible nanoparticle-assay interactions.
Materials and methods

Particle characteristics
Previous studies by the authors have investigated the physico-chemical characteristics and the toxicological response of the CuO nanoparticles and the Cu nanoand micron-sized particles of this study (Cronholm et al., 2011; Midander et al., 2009) . General particle characteristics are compiled in Table 1 . Nanoparticles of the Cu metal and the Cu-40Zn alloy (denoted Cu-Zn) were produced by electrical explosion of copper and brass wires (40 wt.-% Zn and 60 wt.-% Cu), respectively, at Tomsk Polytechnic University, Tomsk, Russia. Detailed information on the production process is given elsewhere (Kwon et al., 2008) .
Size distribution measurements of the nanoparticles in supplemented cell medium (composition given in section 2.4) was conducted using dynamic light scattering (DLS), and zeta potential measurements were performed in 1 or 10 mM NaCl using a Zetasizer nano ZS instrument (Malvern, UK). Prior to the measurements, the particles were suspended in supplemented DMEM medium and sonicated in the same manner as for cell exposure (described below). Using the same system, the apparent surface charge (zeta potential) of the particles was analyzed. Particles were suspended in ultrapure water (18.2 M cm) containing 1 mM NaCl and sonicated following the same procedure as described for the cell exposure. The zeta potential was measured by applying an electrical field through the solution causing particles of different charge to migrate at different speed toward the electrodes. DLS and zeta potential measurements were not possible for the micron-sized particles due to sedimentation.
Metal release
Total concentrations of released copper and zinc into cell media (DMEM) with serum and in saline were analyzed by means of atomic absorption spectroscopy (AAS, Perkin-Elmer AAnalyst 800). Details of the analytical procedure are given elsewhere (Midander et al., 2009) . Triplicate samples were prepared for investigations in cell media (5 min and 4 h at 37
• C, 5% CO2 and saturated humidity, as for the cell exposure) with a particle mass dose of 40 g/mL and in saline (5 min) at a mass dose of 100 g/mL, respectively. Measured released metal concentrations are based on at least three replicate readings for each individual sample. Quality assurance tests were performed continuously by analyzing samples of a standard solution every tenth sample. Data is presented as the average value of three independent samples with the blank value (media without any particles) subtracted. The blank value is based on triplicate samples exposed in parallel for each exposure time period and medium.
Surface properties
Transmission electron microscopy (TEM) investigations were performed using a JEOL JEM 2100F instrument operating at 200k equipped with a CCD-camera and an electron energy-loss spectrometer (EELS). Bright field images and diffraction patterns were recorded in TEM mode. Settings used for high resolution bright field -Not analyzed due to particle sedimentation.
images were a camera length, CL of 2 and an optical length, OL of 3. Elemental analyses were conducted using EELS and energy dispersive spectroscopy, EDS. EELS was performed with settings of ␣ = 13.2, ␤ = 20.3 or 18.4 and a CL of HAADF5 or 8 cm. EELS spectra were recorded for nanoparticles of Cu-Zn and analyses made using the Cu and Zn peaks positioned at 931 and 1020 eV, respectively. EDS analyses were performed in scanning transmission electron microscopy (STEM) mode. TEM copper grids, coated with holy carbon film, were used as support for the nanoparticles.
Freshly prepared and sonicated (1 min) particle dispersions in butanol were transferred onto the grids by using pipettes. The solvent evaporated upon air contact. X-ray diffraction (XRD, X'Pert PRO MPD from PANalytical) measurements were conducted to identify crystalline phases. X-ray photoelectron spectroscopy (XPS, Kratos AXIS UltraDLD, Kratos Analytical) measurements were performed to assess the composition of the outermost surface oxide present on the metallic particles using a monochromatic Al X-ray source (150 W). Wide spectra and high resolution spectra (20 eV pass energy) were acquired for the main compositional elements using the carbon (C1s) peak as internal standard. Experimental details are given elsewhere (Midander et al., 2009 ).
Trypan blue staining
A549 type II alveolar epithelial cells (obtained from the American Type Culture Collection, ATCC, Manassas, USA) were cultured in DMEM medium (Dulbecco's Minimal Essential Medium, Cat. No. 41965-039, GIBCO ® Invitrogen) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 g/mL streptomycin and 1 mM sodium pyruvate. Trypan blue staining was used to measure cell membrane integrity. Cells were seeded in a 24-well plate approximately 24 h prior to exposure. The particles were suspended in DMEM with serum, vortexed and sonicated for 2*20 s using a probe sonicator. Cells were then exposed to freshly prepared particle doses for given time periods after which the media was removed and the cells washed with 2*0.5 mL PBS. The trypsinated cells were then added to the previously removed exposure media and PBS (possibly containing detached cells). Tubes containing collected exposure media, PBS and trypsinated cells were then centrifuged for 1 min at 6.000 rpm. Finally, all but 400 L of the supernatant was removed and 30 L of the remaining cell suspension was stained with trypan blue and incubated for 3 min before counting the percentage of stained cells in a Bürker chamber (approximately 100 to 150 cells were counted for each sample).
LDH assay interactions
Lactate dehydragenase (LDH) is a stable enzyme, present in all cell types that rapidly is released into the cell culture medium upon damage of the cell membrane. In the assay kit used in the present study (Roche), the released LDH is measured with a coupled enzymatic reaction that results in the conversion of a tetrazolium salt (iodonitrotetrazolium, INT) into formazan (of red color) by diaphorase (see Fig. 4 ). The LDH activity is determined as NADH oxidation or INT reduction over a defined time period. In order to investigate whether the particles could interact with this assay, particles of different mass dose (10, 20 and 40 g/mL suspended in saline and sonicated as previously described) were incubated with the reaction mix from the assay kit in a 96-well plate for 15 min after which the absorbance at 490 nm was measured using a microplate spectrophotometer (PowerWave x, Bio-Tek Instruments, Inc., USA). In addition, pure LDH protein (10 units/mL) was mixed with the reaction mix from the assay kit and the absorbance was recorded. The lack of increase of absorbance compared with the control (containing only saline or only LDH in saline, respectively) indicated lack of assay interactions.
Hemolytic assay and hemoglobin interactions
The procedure for using the hemolytic assay has been described elsewhere (Hedberg et al., 2010) . In short, fresh venous blood, from healthy blood donors (Blood Donor Center, KI, Huddinge) was collected in 10 mL EDTA tubes. The samples were gently mixed by inversion, added onto histopaque and centrifuged from which erythrocytes were collected. The cells were washed 3 times with PBS followed by suspension in saline or PBS and subsequently mixed with nanoparticles to a final particle mass dose of 0.5 or 1 mg/mL. 0.1% Trithon was used for total cell lysis. Prior to exposure to the erythrocytes, the particles were suspended in saline (or PBS) to a mass dose of 2 mg/mL, vortexed for 20 s followed by tip sonication (2*20 s) in order to reduce particle agglomeration. All exposures were conducted at dark conditions on a shaking table for 30 min (samples briefly mixed every 10 min). Following incubation, the erythrocyte-particle suspensions were centrifuged for 5 min at 10,000 rpm (15
• C). Hemoglobin levels of the supernatant were determined via optical density (absorbance) measurements, a measure of lysed erythrocytes, by using a microplate scanning spectrophotometer (PowerWave x, Bio-Tek Instruments, Inc., USA) at 540 nm (reference 620 nm) in two separate wells of the well plate. Three independent experiments were conducted for each particle type. For hemoglobin interactions, human hemoglobin A0 (Sigma-Aldrich, product no. H0267) was dissolved in saline (or PBS) to a concentration of 2 mg/mL. Particles were suspended in saline (or PBS) and sonicated as previously described. Hemoglobin and particle solutions (final particle mass doses: 10, 50 and 100 g/mL) were then exposed for 15 min at 37
• C followed by centrifugation for 5 min at 10,000 rpm. The concentration of hemoglobin in the supernatant was then analyzed from its change in absorbance at 540 nm as previously described for the hemolytic assay.
SEM analysis of nanoparticle-hemoglobin interactions
Ex situ analysis was performed to assess morphology changes of hemoglobin mixed with the particle suspensions by using a FEG-SEM instrument (LEO 1530 with Gemini column). Measurements were made at an operating voltage of 15 kV and an aperture size of 60 m.
PCCS analysis of nanoparticle-hemoglobin interactions
Time-dependent particle size distribution measurements were conducted using photon cross correlation spectroscopy, PCCS (Nanophox, Sympatec GmbH) for particle suspensions in saline with and without hemoglobin (1 mg/mL). Nanoparticle-containing (1 mg/mL in saline) solutions (Cu, Cu-Zn or CuO) were ultrasonically treated for 3 min followed by particle size measurements after 0, 14 and 30 min, respectively. The importance of sonication using ultrasonic bath or ultrasonic tip compared with non-sonicated solutions was elucidated for Cu-nano in saline.
Particle interactions with model lipid membranes using QCM-D
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1 -rac-glycerol) (POPG) were purchased from Avanti Polar Lipids Inc., USA, and used to prepare liposomes of mixed lipid composition (25% of POPS or POPG and 75% of POPC). The lipids were dissolved in chloroform and stored under N2 at -20
• C. Liposomes (80-100 nm based on DLS measurements) were prepared as previously described (Kunze et al., 2009) . QCM-D measurements were performed at several harmonics (n = 3, 7, 13) at 22
• C using a Q-Sense E4 instrument and 5 MHz SiO2 coated quartz sensors (Q-Sense AB, Sweden). Frequency shifts were normalized to the fundamental frequency of the sensor by dividing the frequency shift with the overtone number of the resonant frequency. Data analysis was realized using the Q-Tools software (Q-Sense AB, Sweden). Prior to use, the sensors were exposed to UV/ozone for 30 min. Supported lipid membranes were formed in situ on the SiO2 surfaces at a flow rate of 100 L/min. Adsorption and spontaneous rupture of liposomes were achieved using 0.1 mg/mL liposome suspensions in PBS to which 5 mM MgCl2 was added. Model membranes prepared in this way are characterized by frequency and dissipation shifts of −25 Hz and < 0.5 × 10 −6 , respectively (Keller and Kasemo, 1998) . Suspensions of Cu, CuO and Cu-Zn nanoparticles in saline (mass doses of 0.1 and 0.3 mg/mL) were freshly prepared prior to the measurements as described above with the exception that sonication was performed using an ultrasonic bath (15 min) instead of a tip sonicator. Suspensions were injected as such in the QCM-D instrument at a flow rate of 50 or 100 L/min. Despite the sonication treatment, dark agglomerates were sometimes visually observed.
Results
Particle characteristics
The measured surface area of dry powder particles (BET) decreased according to the following sequence: CuO » Cu > Cu-Zn » Cu micro (Table 1) . TEM investigations were performed to examine the morphology and size of the Cu, Cu-Zn and CuO nanoparticles, combined with EELS and EDS measurements to assess their degree of crystallinity and surface oxide composition. The CuO nanoparticles formed large agglomerates of single particles, mean average size 50 nm, Fig. 1a-b . Their surface structure was however difficult to assess and the seemingly amorphous surface layer may be an artifact from the sample preparation. The Cu-nanoparticles predominantly consisted of large aggregates/agglomerates (Fig. 1c) of nano-sized primary particles (estimated mean size 100 nm) Table 2 Released percentage of copper and zinc per added mass of particles incubated for 5 min in cell media (41965-039 from Invitrogen, contains mainly inorganic salts, amino acids, vitamins, glucose and 10% calf serum was added) or saline (0.9% NaCl, 154 mM).
Release of Cu (% of particle mass)
Release of Zn (% of particle mass) with a crystalline surface oxide (Fig. 1e) . Oxygen enrichment in the surface oxide was evident from EDS measurements and the crystalline nature of the surface oxide was further strengthened by the electron diffraction pattern showing clearly visible diffraction spots (Fig. 1 g) . The oxide thickness was approximately 5-20 nm. The presence of rings in the diffraction pattern is a consequence of different grain orientations (polycrystallinity). Few aggregates of single nanoparticles were observed without any observable surface oxide. Cu 2 O and CuO were the main components of the outermost surface oxide of the Cunanoparticles in line with previous observations (Midander et al., 2009) . Nanoparticles of the binary Cu-Zn alloy were more dispersed and present in smaller agglomerates compared with Cu and CuO (Fig. 1f) . Similar to the findings of Cu, these agglomerates consisted of single nano-sized particles (estimated mean size 75-100 nm) with a crystalline surface oxide. However, compared with Cu, this oxide was significantly thinner (approx. 5 nm) and composed of finer crystallites (compare Fig. 1c and  d) . The average particle composition by means of EELS revealed a Zn/(Zn + Cu) mass ratio of 0.48 ± 0.08, i.e. relatively consistent with the nominal bulk composition of the wire (0.40). Similar relative mass ratios were determined by means of EDS (0.40 ± 0.07). The main X-ray powder diffraction peaks of ZnO and possibly CuO were identified in addition to peaks related to Cu and Zn metal and to the brass alloy. According to XPS compositional findings, zinc-rich phases were predominant in the utmost surface layer as judged from a relative Zn/(Zn + Cu) mass ratio of 0.87. This is in agreement with literature findings showing that ZnO is the predominant oxide on Cu-Zn nanoparticles (Cokoja et al., 2006) .
Particle characteristics in solution
Except from the characterization performed at dry conditions, particle size distribution in cell medium and PBS as well as zeta potential measurements (in 10 mM NaCl) were conducted. As reliable zeta potential measurements only are possible in media of low ionic strength (Kirby and Hasselbrink, 2004) , no measurements were made in cell medium. PCCS analysis of particles in cell media showed different extent of particle agglomeration (Fig. 2) . The metal particles formed agglomerates of different average sizes (by volume) with peaks at 200 and 650 nm for Cu nano (Fig. 2B) , and peaks at 150 and 2000 nm for Cu-Zn nano (Fig. 2B) . Agglomeration was also evident to some extent for CuO with agglomerates sized 300 nm (by volume) in addition to particles sized 20-90 nm (by volume) (Fig. 2C) . The average size of proteins in cell media was determined to 4.6 nm ( Fig. 2A) .
Sonication changed the particle size distribution in solution (data not shown) but also the zeta potential. This effect was significant in the case of the Cu and Cu-Zn nano and was highly dependent on sonication strength. Stable measurements were only possible for sonicated particle suspensions except for CuO, which was possible to disperse in 10 mM NaCl without sonication due to its high zeta potential (repulsion forces) already at non-sonicated conditions (+27 mV). CuO showed a very high positive zeta potential, between +30 and +40 mV, independent of sonication strength. For Cu nano, the zeta potential increased upon sonication from near-neutral values at non-sonicated conditions to approximately +10 mV after sonication. Similar trends, although of slightly higher values were determined for Cu-Zn increasing from approximately +10 mV to +20 mV after sonication. From these observations follows an increased size distribution of the nano-sized particles in solution according to: CuO « Cu ≈ CuZn. 
Metal release in cell media and saline
The extent of released metals in cell medium (pH approx. 7.4) from a given particle mass dose (40 g/mL) was higher for Cu and Cu-Zn nanoparticles compared with CuO nano and Cu micro ( Table 2 ). The amount of released copper and zinc from Cu-Zn showed a time-dependence with more zinc released compared to copper after 5 min, and vice versa after 4 h ( Table 3 ). The particle mass was thus substantially reduced with time. After 4 h, only 21% (92% after 5 min) and 29% (87% after 5 min) of the particle mass remained for Cu and Cu-Zn, respectively. For Cu-Zn, almost 70% of the bulk content of both copper and zinc was released into solution after 4 h. The remaining mass of Cu micro exposed for 4 h in cell medium was 98% (99.8% after 5 min) and thus substantially higher compared with Cu nano. Particle exposure for 5 min in saline (relatively low ionic strength, pH approx. 6.5) resulted in a very low dissolution/metal ion release and thus only a small reduction of the particle mass, less than 4% for all particles for the particle mass dose investigated (100 g/mL), see Table 2 . These findings are in general (Gunawan et al., 2011) . Similar to the observations in cell medium, the highest extent of released metals was observed for Cu-Zn and Cu followed by CuO and only minor amounts from Cu micro when suspended in saline. In contrast to the cell medium, similar concentrations of copper and zinc were released from Cu-Zn.
Membrane damage using trypan blue staining
When assessing the membrane integrity of lung cells exposed to a given particle mass (20 g/mL) it was obvious that the Cu and Cu-Zn nanoparticles caused a rapid (within the first 4 h) increase in membrane damage, whereas CuO nano (largest surface area) and Cu micro showed no effect (Fig. 3a) . Experiments were therefore performed where the cells were exposed to particle doses of a given dry surface area (based of BET). No large discrepancy in results between Cu nano and Cu micro was evident when the dose was expressed as surface area, see Fig. 3b (4 h) and 3c (18 h). Significantly higher levels of cell membrane damage were induced for Cu nano only for one dose (0.34 cm 2 /cm 2 ) compared with the Cu micro, which consequently was exposed with a significantly higher particle mass (factor 67) compared with Cu nano. When comparing all particle types investigated in this study, it was evident that the Cu and Cu-Zn particles showed very similar effects up to a dose of 0.68 cm 2 /cm 2 (Fig. 3b) . However, the Cu-Zn particles caused a significantly higher extent of damage for the twofold dose, 1.36 cm 2 /cm 2 .
LDH assay interactions
Investigations of possible interactions with the LDH assay by mixing the particles with the reaction mix for the LDH assay clearly showed a pronounced increase in absorbance at 490 nm in the absence of LDH for Cu nano and Cu-Zn nano (Fig. 4) . This change in absorbance indicates the presence of the LDH protein. CuO nanoparticles caused only a minor increase whereas micron-sized Cu caused no effect. The observed increase in absorbance was not related to absorbance due to the presence of particles since the particles suspended in saline without the reaction mix revealed no increase in absorbance (data not shown). The same test was performed in the presence of a known LDH concentration in order to investigate whether the particles affected the LDH protein (e.g. due to un-folding or absorbance of the protein to the particle surface). The results showed the same extent of increase in absorbance when compared with the control (LDH without particles) as the increase observed in the absence of LDH. This indicates that the interference is likely due to the fact that the particles catalyze the reaction producing red formazan rather than interacting with the LDH protein.
Hemolytic assay and hemoglobin interactions
Particle-cell membrane interactions were investigated using the hemolytic assay as a model. At the particle mass doses tested (up Fig. 3 . Membrane damage analyzed using trypan blue staining after exposure of A549 cells to the different particles. In (A) cells were exposed to a particle mass dose of 20 g/mL and membrane damage was assessed after 40 min, 2 h and 4 h. In (B) and (C) cells were exposed to the same surface area dose for 4 h (B) or 18 h (C).
to 1 mg/mL), only the positive control SiO 2 induced a release of hemoglobin, measured as an increase in absorbance at 540 nm (Fig. 5a ). However, since both particles and released metal ionic species most probably interact with proteins, the interaction between the different particles and hemoglobin was investigated by mixing the particles with a hemoglobin solution of known concentration. Both Cu nano and Cu-Zn nano (100 g/mL) almost completely cleared the hemoglobin from the solution (Fig. 5b) . Dissolved copper from CuCl 2 (100 g/mL) caused the same effect (see also Suppl. Fig. 2a) . No studies were conducted using a water soluble zinc salt. Thus, in order to investigate whether the effect was a consequence of released metal ions, the influence on hemoglobin caused by the "released metal fraction" was investigated. This fraction is in this context defined as the supernatant collected after exposure of particle suspensions for 15 min at 37 • C followed by centrifugation (see experimental). Released ionic metal species in saline caused however only a minor effect. The same experiments performed in PBS instead of saline showed a different effect especially for Cu-Zn nano that in the presence of phosphate did not interact with hemoglobin (Suppl. Fig. 2b) . In order to further test at what copper concentrations protein-interactions occur, a dose response test was performed for readily soluble CuCl 2 in saline in the concentration interval between 1 and 50 g/mL. These experiments indicated that hemoglobin interaction started already at CuCl 2 concentrations of 1-5 g/mL, i.e. approx. 0.5-2.5 g/mL Cu, to be compared with approx. 1.5 g/mL Cu in the released metal fraction from Cu nano upon exposure in saline for 5 min (Fig. 5c ). Micron-sized Cu metal particles showed no hemoglobininteractions, even when investigated at a similar dry surface area dose as Cu nano (data not shown).
SEM and PCCS analysis of nanoparticle-hemoglobin interactions
To further investigate the hemoglobin-nanoparticle interactions, precipitation/aggregation of hemoglobin in the presence of Cu and Cu-Zn nanoparticles was visualized by means of SEM. Fig. 6 clearly shows that Cu nano and Cu ionic species caused protein aggregation, whereas no effect was evident for CuO nano. PCCS measurements were employed to further confirm the depletion of hemoglobin from the solution. Size distributions measurements (by number %) of hemoglobin, with and without the addition of Cunano, are presented in Fig. 7 . Observed data is in good agreement with the size of hemoglobin (approximately 5.4 × 5.4 × 19.4 nm) with a peak between 1 and 27.6 nm (by volume) and between 1 and 12.2 nm (by number) with median diameters of 4.5 and 1.6 nm based on volume and number, respectively. The hemoglobin signal completely disappeared upon addition of Cu nano. This is in Fig. 5 . Hemolytic activity and hemoglobin interaction. (A) Hemolytic activity was analyzed as released hemoglobin following exposure of the particles (1 mg/mL, 30 min at dark conditions and room temperature) with red blood cells derived from fresh venous blood from healthy blood donors. (B) Hemoglobin interactions were analyzed as the depletion of hemoglobin from a solution following exposure with particles (100 g/mL, 15 min, 37
• C). In (C) hemoglobin was incubated with CuCl2 and interactions were observed at concentrations 1-10 g/mL corresponding to Cu concentrations of 0.5-5 g/mL (the y-axis shows the relative change in absorbance compared to control without any CuCl2). agreement with the visual observation that the red color of the hemoglobin solution became grayish and then transparent after addition of Cu nano. To confirm that this phenomena not was general to all nanoparticles, additional tests were performed with Ag nanoparticles. When these nanoparticles were added to the hemoglobin solution, the red color remained and the hemoglobin peak was clearly visible at similar intensities compared with the hemoglobin solution without nanoparticles (data not shown).
Interactions with a model lipid membrane using QCM-D
Further nanoparticle-membrane interaction experiments were performed using a model membrane, supported on a sensor surface. Well-defined model membranes prepared on silica surfaces were exposed to the particle suspensions and the interactions were recorded with QCM-D. QCM-D results obtained upon injection of Cu, CuO and Cu-Zn nanoparticles suspended in saline over model lipid membranes are presented in Fig. 8 . Despite the relatively large variation between repeated experiments, most likely related to differences in particle size distribution and extent of agglomeration in the particle suspensions (see section 3.2), some differences were observed between the different particle suspensions with respect to their membrane interactions. Notably, small negative frequency shifts (corresponding to mass uptake) were observed upon injection of Cu-Zn nano, whereas small positive frequency shift (corresponding to mass removal) were observed upon injection of CuO nano (Fig. 8a ). All particles gave rise to similar dissipation shifts (Fig. 8b) , indicating a weak association of the particles with the membrane surface. The significantly increased dissipation shifts upon addition of the particles (Fig. 8b) corresponds to a change in the viscoelastic properties near the lipid membrane upon particle addition and consequently increased dissipative losses. This means that the structure is softer compared with the plain membrane (without any nanoparticle addition), probably due to a small number of particles deposited onto the membrane.
Discussion
In this study, we have shown a clear difference in reactivity toward cell membranes for nanoparticles of metallic Cu (with a surface oxide and a metallic core) and nanoparticles of cupric oxide CuO. CuO nano caused no or only minor effects on the cell membrane integrity, whereas the metallic Cu nanoparticles were significantly more reactive. Metallic Cu in micrometer size did not cause damage when cells were exposed to the same mass as the Cu nanoparticles. However, when the cells were exposed to the same surface area (based on BET at dry conditions), the cell membrane damaging effect was more similar (Fig. 3b and c) implying that the effect, at least to some extent, seems to be related to the surface area. When exposed to the same surface area dose, the mass of the micron-sized Cu particles (Cu micro) was 67 times higher compared with Cu nanoparticles. This equals a very high mass dose of 1340 g/mL at the surface area of dose of 0.68 cm 2 /cm 2 , to be compared with 20 g/mL as the mass dose for the Cu nanoparticles. The surface area dose was based on the BET dry surface area. The actual surface in contact with the cell membrane will however be affected by particle agglomeration in the cell media and by the fact that the Cu nanoparticles release copper ions/dissolves with time with less and smaller particles that remain in the cell media as a consequence.
An important difference in the toxic response of Cu and CuO nanoparticles seems to be related to their different cellular targets. Previous findings by the authors have shown Cu nanoparticles on the cell surface, whereas none or very few particles were observed intracellulary (Cronholm et al., 2011) . In contrast, CuO nanoparticles were observed within the cells after 4 h (Cronholm et al., 2013) . These findings are in line with a study by Vanwinkle et al. (2009) , in which no Cu nanoparticles were observed inside R3-1 cells, but only at the cell membrane surface. The dominant dissolution mechanism for Cu nano, Cu-Zn nano and Cu micro is most likely oxidation, i.e. corrosion. Based on redox equations, described in Vanwinkle et al. (2009) , oxidation of Cu(s) to Cu 2+ is energetically favorable along with a coupled production of H 2 O 2 from oxygen and protons (Cu (s) + O 2 + 2H + = Cu 2+ + H 2 O 2 ). It is furthermore likely that the Cu nanoparticles are more easily oxidized when interacting with the cells since the cell membrane contains higher O 2 concentration when compared with the cell media. From this follows a local H 2 O 2 production at the cell membrane and subsequent cell membrane damage (Vanwinkle et al., 2009) . It is thus important to note that the cell membrane damage seems not to be directly caused by Cu ionic species but rather related to the actual metal release process taking place at the particle-cell surface interface. This is in agreement with previous studies by the authors that showed little damage to the cell membrane following exposure of A549 cells to dissolved Cu ionic species from a readily soluble Cu-compound (Cronholm et al., 2013; Karlsson et al., 2008) . The importance of the metal release process taking place at the particle-cell surface interface is probably also important for Cu-Zn nano and is in line with literature findings reporting that the bacterial inhibitory ability of e.g. Cu-and Zn-based coatings is related to the amounts of H 2 O 2 produced rather than effects observed for the respective ions (Zhao et al., 1998) . This is also supported by a recent study showing high cell membrane damage caused by Cu nanoparticles, whereas no such effects were observed for carbon coated Cu nanoparticles and CuCl 2 (Minocha and Mumper, 2012) .
The amount of released copper and zinc from Cu-Zn nano revealed a time-dependence with more zinc released compared with copper after 5 min, and vice versa after 4 h. This timedependent dezincification process is consistent with literature findings for brass in aqueous media (Goidanich et al., 2011; Marshakov, 2002; Selvaraj et al., 2003) . The Cu-Zn nanoparticles were by far the most membrane reactive when the particle dose was expressed based on dry surface area, an effect mainly observed for the highest dose. This is likely explained by a combination of H 2 O 2 generation and toxicity induced by released zinc ionic species. This study thus highlights an unusually high toxicity of particles of a binary Cu-Zn (40% Zn) brass alloy, not very well studied before. Toxicity to Daphnia magna of brass particles has previously been shown (Johnson et al., 1986) as well as effects on pulmonary macrophages following exposure of rats to "brass dust" (30% Zn), (Anderson et al., 1988) . Respiratory effects have been reported for workers who polish and produce brass-based utensils (30% Zn) in Sri Lanka (Jayawardana et al., 1997) . Importantly, micrometer sized Cu-Zn particles (30% Zn) seem not to show as high toxicity (Karlsson et al., 2008b) , possible due to less H 2 O 2 production and less release of Cu and Zn ionic species.
In contrast to electrochemical dissolution (oxidation) occurring for the Cu and Cu-Zn nanoparticles, chemical dissolution (likely mainly ligand-induced) is the main dissolution mechanism for CuO. Importantly, chemical dissolution does not generate H 2 O 2 as in the case of electrochemical dissolution and may thus at least partly explain observed differences. Findings on the dissolved mass percentage of CuO nanoparticles in cell media in this study are consistent with previous independent studies by the authors (Midander et al., 2009 ), but larger compared with e.g. a study by Studer et al. (2010) . This is most likely explained by a higher mass dose (50-fold) of CuO nanoparticles and subsequent particle agglomeration in the study by Studer et al. Other studies report a lower extent of dissolution in different media such as distilled water (Xia et al., 2006) , 5 g/L NaCl (Gunawan et al., 2011) and PBS (Midander et al., 2009 ). This highlights the importance of enhanced ligand-induced dissolution in the presence of inorganic ions, amino acids and proteins, present in the cell media.
Except from the trypan blue staining, this study aimed to use complementary methods for investigating cell membrane damage induced by the different Cu-based particles of this study. The LDH assay that investigates the release of LDH from the cells upon cell membrane damage was employed. However, this assay was found non-applicable for Cu-containing nanoparticles since the high reactivity of Cu nano and Cu-Zn nano resulted in interactions with the assay. The particles catalyzed the conversion of the tetrazolium salt into formazan (of red color) by diaphorase in the absence of LDH. The LDH activity can also be assessed in the absence of the coupled reaction used in the present study by analyzing the change in NADH levels. However, a recent study showed that Cu nanoparticles, as well as copper ions, actually inactivate LDH making also this assay unsuitable for measuring toxicity of Cu (Han et al., 2011) . Silver nanoparticles in a carbon matrix (used to entrap the particles during synthesis) caused the same effect, but not silver nanoparticles without this matrix. The nanoparticles can also interact by adsorbing LDH on the surface. This effect was observed for CuO nano in the present study, and was also evident for TiO 2 nanoparticles in the study by Han et al. (Han et al., 2011) . These results highlight the importance of carefully evaluating possible nanoparticle-assay interactions within nanotoxicology research.
Due to their high membrane reactivity, Cu nano and Cu-Zn nano were expected to show hemolytic effects. However, none of the particles caused hemolysis of red blood cells, measured as released hemoglobin (Fig. 5a) . However, since both nanoparticles caused hemoglobin aggregation/precipitation, any release of hemoglobin would have been precipitated and removed upon centrifugation together with the cells/cell debris and remaining particles. Hemoglobin aggregation/precipitation was confirmed using additional assays (Figs. 6 and 7) . Aggregation of hemoglobin was not observed for Cu-Zn nano suspended in PBS instead of saline. This is most likely a consequence of differences in copper and/or zinc speciation in solution (as copper ions or zinc phosphates, c.f. discussion below), or possibly due to the formation of a protective phosphate layer on the particle surface reducing the reactivity as recently reported for ZnO nanoparticles (Lv et al., 2012) . These results clearly elucidate how relatively small changes in experimental conditions (saline vs. PBS in this case) can dramatically influence the results. Cupric ions freshly dissolved from CuCl 2 in saline in concentrations similar to copper concentrations released from the Cu nanoparticles caused hemoglobin interactions. This indicates that the released ionic species could contribute to the aggregation of hemoglobin. On the other hand, studies with the released ionic fraction (separated from the particles) from Cu nano and Cu-Zn nano in saline did not show any substantial effects. The reason is believed to be attributed to the interaction of free copper and/or zinc ions released from the nanoparticles in the close vicinity of hemoglobin. The fraction of free copper and/or zinc ions (of the total released concentration) in solution is typically significantly lower as both ions rapidly form labile and strong complexes in aqueous solution. This formation is of significant importance in PBS (phosphates) or organic solutions (organic ligands). The effect of chloride (saline) and phosphate (PBS) on the speciation of copper and zinc is illustrated in Suppl. Figs. 3 and 4 , exemplified for the measured released copper concentration in solution from Cu nano after 4 h in saline and PBS, respectively, and prevailing solution chemistry. Recently, Gunawan et al. (2011) showed that the released copper fraction from CuO nanoparticles was not as toxic as the same concentration of copper dissolved from a copper salt (copper nitrate or copper sulfate). Generated results were explained by differences in copper speciation in solution related to the formation of copper-peptide complexes (released fraction) and the presence of free copper ions (metal salts). The same study observed differences in how the pH of the solution decreased upon dissolution of a copper salt and was non-altered in the case with the released copper fraction (Gunawan et al., 2011) . Precipitation of hemoglobin induced by the interaction of various metal ions has previously been reported. Compared with other metal ions, the copper(II)-ion was the most efficient ion able to precipitate hemoglobin closely followed by the zinc(II)-ion (Frantzen et al., 1997) . Whereas zinc ions were rather specific toward hemoglobin, when compared to other serum proteins, copper ions were not specific and induced also hemoglobin oxidation (Frantzen et al., 1997) . One study on the interactions between hemoglobin and Cu nanoparticles has previously been reported in the literature (Bhattacharya et al., 2006) . Similar our study, Bhattacharya and coworkers reported precipitation of hemoglobin in the presence of Cu nanoparticles. They suggested a mechanism where hemoglobin unfolds (indicated by an increase in heme peroxidase activity) followed by misfolding-induced aggregation at higher concentrations (indicated by a reduction in peroxidase activity). No aggregation effects on non-heme proteins and a clear difference among different types of hemoglobin (HbA0, HbA2, HbE) were reported.
Nanoparticle-lipid membrane interactions were further investigated using model lipid membranes supported to a sensor surface and a corresponding surface sensitive analytical technique (here QCM-D). Significantly increased dissipation shifts confirmed particle-membrane interactions, but no significant differences were observed between the different nanoparticles investigated. Obtained results in frequency shift (indicating a mass change) showed relatively high variation, most likely due to particle agglomeration, but support in general the findings of the different responses among the nanoparticles of this study. A higher mass loss for the more membrane reactive particles (Cu and Cu-Zn) was initially expected but instead the CuO nanoparticles caused a slight mass loss. This is likely a consequence of lipid adsorption on the particles that results in a mass loss of the membrane. A recent study by some of the authors showed that protein adsorption could not be recorded by means of QCM-D for a copper surface due to its rapid dissolution . Future studies using lipid bilayers will include investigations of model membranes containing polyunsaturated lipids as these are prone to be affected by lipid peroxidation.
Conclusion
In conclusion, cell membrane damage caused by different Cucontaining nanoparticles (Cu metal, Cu-Zn alloy, CuO) depends both on chemical composition (metal vs. oxide) and surface area. Furthermore, nanoparticles of Cu and Cu-Zn seem to have an ability to precipitate proteins such as hemoglobin, effects not observed for nanoparticles of CuO or micron-sized Cu particles. Generated results suggest that the metal release process of Cu nano and CuZn nano taking place at the cell membrane surface is responsible for the observed membrane damage. This process is predominantly governed by electrochemical (oxidative) dissolution that results in a local generation of H 2 O 2 , a process not taking place for CuO. These results highlight the difference in reactivity and thus toxicity between metallic Cu nanoparticles (with an oxide surface) and CuO nanoparticles, differences that may be important for read across possibilities. The present study also highlights that assay interactions indeed are important to consider in the field of nanotoxicology.
